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Abstract s

Several f@luding placental hormones (PH) released from the human placenta have
been assoggat ith the development of insulin resistance and gestational diabetes mellitus
(GDM). Iwwr, circulating levels of PH do not correlate well with maternal insulin
sensitivityaestation, suggesting that other, previously unrecognized, mechanisms may

be involvg. !Ee levels of circulating exosomes are higher in GDM compared to normal.

GDM deri osomes produce greater release of pro-inflammatory cytokines from
endothelia ompared to exosomes from normal, suggesting that their contents may
differ ed to normal pregnancies. Using a quantitative, information-independent
acquisigs equential Windowed Acquisition of All Theoretical Mass Spectra [SWATH])

approach, we identify differentially abundance circulating exosome proteins in women with
normal gl&lerance (NGT) and GDM at the time of GDM diagnosis. A total of 78
statisticalll @ cant proteins in the relative expression of exosomal proteins in GDM
compared T. Bioinformatic analysis showed the exosomal proteins in GDM target
pathways were ﬁainly associated with energy production, inflammation, and metabolism.
Finally, w n independent cohort of patients to validate some of the proteins identified
by SWA3

data obtained may be of utility in elucidating the underlying physiological

mechang sociated with insulin resistant in GDM.
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Statement of significance of the study

GDM Wn‘colerance that happens during pregnancy and the prevalence is on rise
worldwid gh the condition disappears postpartum, it can have unfavourable long-
term effects on mother and child. The lack of understanding of the exact causes of GDM
H
makes it m to prevent the incidence of GDM. Thus, understanding the underlying
mechanis@)M is important for early diagnosis and prevention of GDM. Previously,
we report oncentration of circulating exosomes is higher in GDM compared with
healthy préghartCies. In this study, we have characterised the protein content of exosomes
present in_materfial circulation from GDM and normal pregnancies. We report significant

differenc&ﬁJ protein content between GDM and normal pregnancies, with proteins

involved 1n metabolic processes and biological regulation being the most upregulated in
GDM. Nomé identified and validated two proteins involved in the regulation of insulin
sensiti -A and CAMK2B, which have previously been reported to be
downr and upregulated in GDM, respectively. Consistently, in this study we found
PAPP-A was downregulated and CAMK2f was upregulated in the exosomes isolated from
GDM preh.This new information will help us better understand the function of

circulatines in GDM pregnancies, and their potential role in the maternal metabolic

adaptatio imgugestation.

Auth
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1. Introduction

GestatiWes mellitus (GDM) refers to any degree of glucose intolerance first

recogniseﬂpregnancy, affecting 5-20% of pregnant women worldwide ', with a 13%

prevalence 1n Australia ). Although the prevalence is increasing, the underlying cellular
H

mechaniswe development of GDM remain unknown.

Recent st ve focused on the potential utility of extracellular vesicles, especially

. . . . . 3
exosomesw‘[ormg the prognosis and progression of various diseases ). Exosomes are

small (arj nm) vesicles originating from the endocytic pathway that are released to

the extrac 4],

ilieu by fusion of the multivesicular bodies with the plasma membrane
Exosomeiarry a wide range of bioactive molecules including proteins, lipids and nucleic

acids, whm be deliver to other cells to facilitates intercellular communications ..
e

Exosomes ased from a wide range of cells including the human placenta °!. Recently,
we and ot %> * have established the involvement of circulating exosomes in normal and
compli ancies (including GDM).

During p&ﬁanci/, placenta-derived exosomes present in maternal circulation have been

identified as 6 weeks of gestation 1. The release and protein content of exosomes is

regulated bf actors which include both oxygen tension and glucose concentration and affect

their b [o-12

i bzl target cells %], Maternal obesity is associated a higher risk of GDM, and
the conw of placental and non-placental exosomes present in maternal circulation
across gestationi’s influenced by the maternal BMI ] suggesting that the maternal
metabolic ght affect the levels of circulating exosomes. Recently, we established that
the totﬁof exosomes present in maternal plasma was ~2-fold greater in women
between 11 to 14 weeks who were subsequently identified as having GDM (diagnosed

between 22-28 weeks) than in women who maintained normoglycemia across pregnancy ..

4
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Taken together, these results suggest that placental exosomes, more numerous in GDM, may

play an important role in feto-maternal communication under both normal and pathological

conditions. ever, the content of the circulating exosomes in GDM has not been
establishe
N

Several a

[

ave been made to identify the protein content of exosomes during

[14, 15]

pregnancy including exosomes isolated from trophoblast cell lines , placental explants

G

6] placemsenchymal stem cells M, primary trophoblast cells (101 endometrial
epithelial s W1 amnion epithelial cells " and plasma from pregnant women 61 and

4 [l

umbilical cord bl®o . A wide range of proteins have been identified in exosomes from

placental gd circulating exosomes during pregnancy; however, the majority of these
sed stan

studies u dard mass spectrometry discovery approaches, which did not include a
quantifica he proteins within the exosomes. Therefore, the aim of this study was to
charac changes in exosomal proteins in plasma from NGT women and women with
GDM psi quantitative, data-independent acquisition mass spectrometry approach. For

some of the proteins, the results were validated using an independent cohort of patients at the
moment ohgnosis of GDM. Using a bioinformatics approach, we identified signalling
pathways aed with the differences in the protein content within exosomes from GDM
compared i T pregnancies, suggesting that the circulating exosomes in GDM might
regulatgiemal metabolic changes associated with insulin resistance in GDM

pregnanciﬁis the first study using a quantitative proteomic approach to identified the

protein pr circulating exosomes in women at the moment of the diagnosis of GDM

(i.e. 22 ks of gestation), thus, the women involved in this study were not under any

medication (i.e.‘Msulin) or treatment (i.e., diet) to regulate their glucose levels at the moment

of the sample collection.

This article is protected by copyright. All rights reserved.



T

2. Materithods

H I
2.1. Regu!tog environment and data quality assurance

The proj e@pproved by the Human Research Ethics Committees of the Royal Brisbane
and Worrmspital and the University of Queensland (HREC/09/QRBW/14). Written
informed was obtained from all women participating in the study. All experimental
procedure;mducted within an ISO17025 accredited (National Association of Testing
Authorities Australia) research facility. All data was recorded within a 21 Code of Federal
Regulatio part 11 compliant electronic laboratory notebook (Lab Archives, Carlsbad,
CA 9200m

. Written informed consent was obtained from all women participating in

the study.

2.2, Studggroup and samples

A case co @ dy design was used to evaluate pregnancy-associated changes in exosomal

protein rl blood obtained from women with normal glucose tolerance (NGT) and

GDM . Blood samples were collected from study participants between 22-28

weeks of 8estation during their diagnostic oral glucose tolerance test (OGTT) for GDM. In

this study, ed two independent cohort of patients matched by maternal BMI to
identifie roteomic profile in exosomes (i.e discovery phase, with n=11 for NGT and
n=11 for and two selected proteins were validated in an independent cohort of

subjects (validation phase, with n=23 NGT women and n=13 women with GDM) by ELISA.

Plasma samples were stored at —80°C. GDM was diagnosed by testing with a three sample 75

6
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g OGTT at 24-28 weeks, with cut-offs set according to ADIPS and WHO recommendations

(21 Demographic data of all participants (discovery and validation cohort) involved in this

study are Sﬁnsed in Table 1.

2.3. Isc“atm characterisation of exosomes

L

Exosomesggerdusolated from plasma as previously described with slight modification ', In
brief, plastiluted with an equal volume of PBS (pH 7.4) and centrifuged at 2,000 x g
for 30 mi 4 (Sorvall®, high speed microcentrifuge, fixed rotor angle: 90°, Thermo
Fisher ScientificMns., Asheville, NC, USA,). The 2,000 x g supernatant (SN) fluid was then
centrifugﬁoo x g for 45 min at 4 °C (Sorvall, high speed microcentrifuge, fixed rotor

angle: 90 sultant SN fluid (2 ml) was filtered through a 0.22 pum filter (Steritop™,
Millipore,@a, MA, USA) and then centrifuged at 100,000 x g for 2 h (Sorvall, T-8100,
fixed entrifuge rotor). The pellet was suspended in PBS (10 ml) and then
transferred t Itracentrifuge tube (Beckman, 10 ml) and centrifuged at 100,000 x g for 2
h. The 100,000 g pellet was resuspended in 300 pul of PBS for size exclusion chromatography
(SEC). Tw was performed using in-house columns. Briefly, Pierce™ Disposable
Columns, QThermo Scientific) were packed with 10ml of Sepharose® CL-2B (Sigma)
beads and ernight at 4°C to form a packed bed. The packed bed was equilibrated with
ice colﬁtopped with column filter. The 300 pl of clarified plasma was overlaid on
top of Md followed by elution with PBS. Five-hundred-microliter of 12 fractions
were collected afid particle concentration determined using nanoparticles tracking analysis
(NAT, NangSight). High particle fractions were pooled and stored at -80°C until exosome
analysiﬂs were characterized by size distribution, abundance of proteins associated
with exosomes (i.e. CD63, sc15363 [1:1000] and TSG101, EPR7130 [1:1000] and a negative

control Grp94, 20292T[1: 1000]) and morphology using Nanoparticle Tracking Analysis

This article is protected by copyright. All rights reserved.



(NTA), Western blot analysis and electron microscopy, respectively as previously described

T

Q.

 EE—
2.4, Masshmetry

O

2.4.1 In-g ion

(21]

A local ion library was generated to use in the Sequential Window Acquisition of All
Theoretic TH) mass spectra analysis using an in-gel digestion method. Briefly, two

protein pi!s were prepared from the NGT and GDM plasma exosomes. The samples were

mixed wit IM DS sample buffer (ThermoFisher), sonicated for 5 min and heated at
95°C for Samples were resolved on a Bolt™ Bis-Tris Plus polyacrylamide gel
(Therm at 160 V until full separation. The gel was stained with SimplyBlue™
SafeStai Fisher Scientific) and a total of 12 gel fractions were excised for each

pooled sample. The fractions were washed firstly with 50 mM of ammonium
bicarbonahlitrile (ABC/ACN) followed by ACN. 50 ul of 100 mM DTT was added
to each snd incubate at 56°C for 30 minutes. DTT was removed and 70 pl of
iodoaceta A) was added and incubated at room temperature (RT) for 20 min. The
samples were washed with 300 ul ACN and incubated with 50 mM ABC/ACN for 30 min at
room tem: Then, 300 pl of ACN was added and left for 2 min. ACN was removed

and air dri min. 50 pl of 13 ng/ul of trypsin (Promega, Australia) in ABC was added

to the 4@ d gels and stored on ice for 30 min. Then, 20 pul of 50 mM ABC/H,0 (v/v)
was added and™ incubated overnight at 37°C. Following overnight incubation, the

supernatant containing peptides was reserved. A mix of 100 ul of extraction buffer (0.25 ml

5% (v/v) formic acid, 0.25 ml water and 0.5 ml ACN) was added to the gel pieces and

8
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sonicated for 10 min. The resulting SN was collected and combined with the reserved SN.
The SN were dried in vacuum centrifuge. The dried samples were resuspended in 200 pl

0.1% TFA

pt

]
2.4.2 Filtegg Aided Sample Preparation

For SWA'ldI amalysis, individual exosome samples were processed using the Filter Aided

G

Sample Pr on (FASP) method ?. A total of 15 pg of exosome protein from each

S

sample w duged with equal volume of lysis buffer containing 8% SDS, 100 mM Tris,

pH 7.6 and 0. DTT, followed sonication and heating of samples at 95°C, each. Samples

U

were allow ool down completely before adding 8 M urea in 100 mM Tris, pH 8.5.

1

Samples sferred into a Nanosep® filter unit with a 30K molecular weight cut off

and centrifig r 10,000 g for 15 min. Then, filter units were washed with 400 pl of urea

d

buffer ged for 10,000 g for 15 min. Samples were alkylated by addition of 100
pl of 50mM in 8M urea buffer and incubated in the dark for 20 min. The filter units
were washed with 8M urea buffer followed by of ABC. Proteins were digested using 0.3 pg

of trypsin @nd incubated overnight at 37°C.

2.4.3. Des@

The solubg;ed ;eptides from pooled and individual samples were desalted using SOLAp

§

HRP Sl#plate (Thermo Fisher Scientific) according to manufacturer’s instruction.

2.4.4. Ana;peptides

Trypti as loaded onto a reversed phase trap column (CHROMXP C18CL Sum, 10 x
0.3mm; Eksigent,' Redwood City) and on column wash was performed for 15 min (3 ul/min)
followed by peptide separation on reversed phase CHROMXP C18CL 3 um, 120 A°, 150 x

0.075mm; (Eksigent, Redwood City) analytical column. LC gradient started with 95% mobile

9
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phase A (H,O/ 0.1% FA), 5% B (ACN/ 0.1% FA) at 0 min and increase to 10% B over for 2
min and then a 58-min linear gradient to 40% B followed by 50% B for 5 min. Mobile phase
B was then inereased from 50% to 95 % over 10 min followed by column wash at 95% B for
15 min awabrated with 5% Buffer B for 6 min. Flow rate was kept at 250 nl/min
during gn %run. The resulting peptide samples were processed in IDA on an AB Sciex
5600 Triplgd OBgnass spectrometer with the top 18 precursor ions automatically selected for
fragmentam-; data obtained were combined to establish a peptide ion database. For
SWATH wn, the TripleTOF® 5600 System was configured as described by Gillet at
al. 2!, Using anYsolation width of 26 Da (25 Da of optimal ion transmission efficiency and 1

Da for theﬁw overlap), a set of 32 overlapping windows was constructed covering the

mass rang 1200 m/z.

2.4.5. Dat&sing

To gen

e local ion library, a protein database search was conducted using the
Protei ion 4.5b Software (AB SCIEX) and the Paragon™ Algorithm. The search
was performed against SwissProt Homo sapiens database with a global false discovery rate
(FDR) of W used as the threshold for the number of proteins for import. The SWATH
Acquisitio @ app 2.0 in PeakView 2.2 (SCIEX) was used to create a spectral library file.
This loca was extended using the R package SwathXtend (version 2.3) ¥ with a
publishe dataset of healthy human plasma *!. The extended library was used for
all subseq ATH analysis. Processing settings for the SWATH Microapp: 2 peptides
per protei,j;sitions per peptide, peptide confidence threshold corresponding to 1%
global d FDR threshold of 1% was used. The retention time was then manually
realigned with a Minimum of 5 peptides with constantly high signal intensities and distributed

along the time axis. The resulting peak area for each protein after SWATH processing was

exported to MarkerView 1.3.1 (SCIEX) for statistical analysis. The resulting data was

10
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normalized using the Total Area Sums (TAS) approach. The coefficient of variation in the
abundance of peptides across the samples were established by comparing SWATH peptide
ion agahA library. For independent sample, z-tests were used to compare protein

a\!GT and GDM groups. The proteins with p<0.05 were considered as

expressio

.. I
statisticallg significant.
2.5. Vali@ SWATH data using an independent cohort of patients.

The diffe 1Ly expressed candidate proteins obtained from the SWATH analysis were

S

validated on anfindependent cohort of patients using an enzyme-linked immunosorbent

U

assay (ELI antitative measurements of calcium/calmodulin dependent protein kinase

1

I beta ( ab234572) and Pappalysin-1 (PAPP-A: ab235647) were performed

accordingffo facturer’s instruction (Abcam, Cambridge, UK), with minor changes. To

d

ensure es were lysed before the commencement of the assay, samples were

diluted in t ided cell extraction buffer and sonicated for 10 mins (Elma ultrasonic,

Vi

Sinden, Germany).

[

2.6. Bioin ics analysis
The origin ¢ exosomes present in maternal circulation was identified using FunRich (261,

an ope tandalone functional enrichment and interaction network analysis tool.

h

DiffereMressed proteins were analyzed further by bioinformatic pathway analysis

(Ingenuity Pat;ray Analysis [IPA]; Ingenuity Systems, Mountain View, CA;

WWwWw.ingenui m).

3. Results

11
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3.1. Clinical characteristics of the study population

In total sixty-one women (NGT = 37, and GDM = 24) were involved in this study. Analysis if

the clinical cteristics of the women showed that no difference in maternal age, BMI at

pre-pregn. t delivery, gestational age at delivery and fetal birth weight between
N . .

women wigh NGT women and GDM were identified (Table 1). As expected, women in the -

GDM gro@igniﬁcantly higher glucose levels at all time points of the OGTT, which is
a

the criteri gnosis of GDM. Next, exosomes were isolated from plasma obtained from

these won@haracterised.

3.2. Exosomes cliaracterisation

The ﬂowm of exosome isolation and enrichment from plasma is presented in
Figurel A. The NTA analysis identified vesicles with a diameter between 50 to 150nm, with
an enrich esicles of 100 nm (Figure1B). Exosomes were positive for proteins known
to enrt i cxosomes, ie., CD63, CD9 and TSG101 while negative for Grp94 an
endopl eticulum marker (Figure 1C). This demonstrates the purity of the isolated

exosomes. There were no differences in exosome size distribution and abundance of

exosome—hd protein markers between exosomes isolated from NGT and GDM

plasma, i that GDM does not impact upon the size distribution of exosomes.

3.3.Pr j alysis and associated signalling pathways
y g gp y

dent acquisition (IDA) and SWATH profile were generated from NGT and

GDM using indgpendent samples (n=11) per each group (i.e. NGT or GDM). The IDA
d to identify peptide ions that were present in SWATH ion profiles. Proteins
were identified and quantified by comparing SWATH-generated peptide ion profiles for each

individual sample against the IDA library (PeakView). IDA of mass spectra from all

12
This article is protected by copyright. All rights reserved.



individual exosomes samples was initially performed and identified 415 total proteins (Table
S1), and analysed using IDA and SWATH. The variation in the relative abundance of

exosomal pﬁ' s between NGT and GDM was established by comparison with the SWATH

profile ag A library and presented as volcano plot (Figure 2A). A total of 78

statisticallg significant protein identifications (p < 0.05) in the relative expression of

exosomal Q in GDM compared with normal pregnancy were identified (Table S2). The

proteins si ntly different (i.e. down and upregulated proteins) in exosomes from GDM

comparedeT were subjected to ontology and pathway analysis using Panther and

Gene Ontology algorithms and classified based on biological process (Figure 2B and C). The

biggest d&s for the upregulated compared with the downregulated proteins in the

clusters 1 were in metabolic process (i.e. 45% vs 26.5%) and biological regulation
(ie 12.5"@%). Then, we sought to characterise the total population of exosomes in
materngleci jon with NGT and GDM by characterising the protein composition of
plasma exos subpopulations. Clustering of the proteins based on their site of expression
showed the exosomes from both groups are mainly originated from placenta, CD4, platelets,
amniotic siid, preadipocytes, fetus, erythrocytes, macrophages and adipocytes (Figure 2D).
The comp@nalysis demonstrated the enrichment of proteins associated with placenta,
adipocytes, ophages, platelets, amniotic fluid, CD4 and fetus while depletion of proteins
associatedWyith erythrocytes and preadipocytes.

Next, Mate the potential functions of these differentially expressed proteins,
Ingenuity @s analysis (IPA) of the exosomal proteomic profile in NGT and GDM was
performed F ajor networks were identified using the fold changes and p-value of the
protein p in GDM compared to NGT (Figure 3, Table S3). The network included

molecules with functions related to Energy Production, Nucleic Acid Metabolism, Small

Molecule Biochemistry (Figure 3A), Developmental Disorder, Hematological Disease,

13
This article is protected by copyright. All rights reserved.



Hereditary Disorder (Figure 3B), Cell-To-Cell Signalling and Interaction, Inflammatory

Disease, Inflammatory Response (Figure 3C), and Lipid Metabolism, Molecular Transport,

Small Mo dleiochemistry (Figure 3D).

34 Val?d!ming an independent cohort
The protegmiomgnalysis showed that two of the proteins within exosomes that were
signiﬁcan‘merence between NGT compared to GDM were -calcium/calmodulin
dependenm kinase II beta (CAMK2pB) and Pappalysin-1 (PAPP-A). Interestingly,
CAMK2p was upregulated in exosomes obtained from GDM compared with exosomes from

NGT. On ﬁr hand, PAPP-A was downregulated in GDM exosomes compared with

exosomes GT. Low levels of circulating PAPP-A in maternal plasma has been

associatemDM 7] and high levels of CAMK2 in skeletal muscle from GDM have
been agsoci ecrease in insulin sensitive **). Therefore, PAPP-A and CAMK2p were
chosen for t dation of the proteomic data in an independent cohort of women with NGT
and GDM using ELISA kits. PAPP-A was significantly lower (54 £ 25 %) in exosomes
obtained 1§m GDM compared with exosomes from NGT (Figure 4A). The concentration of
CAMK2p exosomes was significantly higher in GDM (2-fold) compared to NGT
exosomes e 4B). Interestingly, a negative correlation (p = 0.0135) between maternal
BMI andge concentration of exosomal PAPP-A, and effect that is influence by the
pregnaﬁwon (i.e. NGT or GDM) (Figure 4C). No significant correlation (p = 0.1859)
between @BMI and the concentration of exosomal CAMK?2p was identified (Figure

4D).

4. Discussion

14
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Exosomes play a role in intercellular communication during pregnancy. Recently, we have

established the presence of higher concentration of exosomes in pregnant women compared

non-pregna d the concentration increases with various pathologic conditions (7. 15, 291
While cigy osomes during pregnancy have been previously characterised and
quantlﬁeds * 7, however, no studies have examined differences in protein profile in
circulatinwes between NGT and GDM pregnancies. In this study, we used a cohort of

samples ob at the time of GDM diagnosis (i.e., samples were collected at the time of

screening WM by OGTT) and employed mass spectrometric analysis to generate

proteomic profilg of encompassing information on protein abundances in plasma exosomes

U

from NGT M. A total of 415 proteins were detected with 78 proteins significantly and

differenti

A

ressed in plasma GDM exosomes compared with NGT. Our data

demonstr omparison with NGT, circulating exosomes from GDM have differential

d

expres eins, including spectrin alpha erythrocytic (SPTA)-1, CAMK2p, PAPP-A,

Perilipin 4, cid binding protein (FABP) 4, hexokinase-3. Interestingly, these proteins

W

have been previously shown to be differently expressed in insulin resistance "', Using an
independes cohort of samples, we validated the differences observed in the protein
abundaanP-A and CAMK2p within exosomes isolated from NGT compared with

GDM by EIISK.

PAPP-A g a :glycoprotein synthesised primarily by the wvillous and extravillous

L m
cytotrophoblasts 2. PARP-A—pessess—proteolytic—activity—towards—the—insulin-like—growth

ﬁa&e&@e&a—é@-ﬂ%&)—#ﬁ.—The concentration of PAPP-A in maternal circulation

increases throughout pregnancy and declines postnatally P*. Low maternal circulating
concentra PAPP-A is correlated with adverse pregnancy outcomes **! including GDM
(2] Notably, PAPP-A levels in the first trimester is associated with insulin resistance later in

pregnancy *”*%. Likewise, in this study we found that PAPP-A expression is lower in GDM

15
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exosomes compared to NGT exosomes. The low expression of PAPP-A in exosomes could
have important implication in intercellular communication between placenta and maternal

environme ich mediates changes in insulin sensitivity.

CAMK%B reéuates a range of processes, including metabolism and insulin sensitivity ©”.
CAMK?2 We/threonine specific protein kinase and acts as an important mediator of
calcium ]@sis in cells P*1. Supporting our proteomics results, the quantification of
CAMK2p A in an independent cohort of samples showed higher levels of CAMK2p3
in GDM emss compared with NGT exosomes. These findings are in line with previous
study showin; ;egulation of CAMK2a in skeletal muscle of pregnant women with GDM

(28] FurthEch on the role of CAMK28 in the pathophysiology of GDM is warranted.

Interestin r study, the GO analysis showed the differently regulated proteins in GDM
are highl}med with metabolic processes and biological regulation; Akt signalling and
cholestero among the target signalling molecule identified by IPA. One of the
downs s of Akt is mTOR which has been shown to increase placental glucose and
lipid metiolism and inflammation in GDM P*. Collectively, this data suggests that the

proteins irﬁ exosomes may play a role in aggravating inflammation, activating the

placental

OVGI‘gI‘OW!.

The cowanalysis of the subpopulations of exosomes showed that proteins from

centre and contributing to greater transplacental lipid transport and fetal

placental tissuesiwere upregulated in GDM exosomes, which is line with our studies
demonstratj ater numbers of placental derived exosomes in women with GDM across
gestation gether, these finding suggest increased secretion of placental derived
exosomes in GDM pregnancy. Similarly, we found that proteins associated with amniotic
fluid and the fetus were greater in GDM plasma exosomes. Although previous studies have

16
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reported on the association between amniotic fluid exosomes and number of pregnancies [**),

no study has reported on the association between amniotic fluid exosomes and GDM
pregnancies e observed increased in aminiotic fluid exosomes could be attributed to
polyhydr: o Exosomes from the fetal side has been shown to have the ability to

(421 Additionally, large for

H ) .
traffic acsss the placenta and enter maternal circulation
gestationa@d macrosomia are common perinatal outcomes in GDM pregnancies [**!.
Based on o Its, it is possible the increased fetal associated proteins relates to an increase

in fetal e

S

secretion and is associated with fetal overgrowth. Interestingly, we found

an enrichmen proteins associated with adipocytes and macrophages but depletion of

U

proteins as d with preadipocytes. Exaggerated adipose tissue dysfunction including

N

hypertrop nsion and chronic inflammation have been reported in insulin resistance

144 Inflanfima leads to macrophage infiltration in adipose tissue leading to an inability to

a

genera s and increased storage of lipids. Ultimately, this leads to dysfunctional

[ characterised by increased adipocytokine release and reduced

and necroti ocytes
insulin sensitivity. Based on this, the increased number of proteins associated with adipocytes
and macr(!Eages in GDM exosomes may reflect the compromised function of adipose tissue.

For exa ase of high numbers of exosomes in response to oxidative stress and

activation ammatory pathways by the macrophages. It is possible the interaction

h

between omes from maternal circulation and placental cells or any other metabolically

L

active t - as adipose tissue, skeletal muscle or pancreas affecting insulin sensitivity,

glucose metabolifin and mitochondrial dysfunction by reactive oxygen species production all

u

which are ¢ ly seen in GDM pregnancies 431,

A

Given that ex es are highly involved in intercellular communication, the differential

abundance of subpopulation of exosomes in maternal circulation may influence the placental

17
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microenvironment and metabolism contributing to development of GDM and its

complications, such as fetal macrosomia.

O

4.1. CofclNisioTnss

To the er knowledge, this is the first study that profiled the protein content of
circulating somes in plasma and characterised the subpopulations of exosomes in
maternal g based on their protein expression. In this study, we have established that
GDM is as@ with changes in the expression of plasma exosomal proteins. In particular,
we have ideat 78 proteins which are differently expressed in GDM exosomes, where
these prot&dtargeting molecules that may relate to GDM pathophysiology. We found
that in G@e is a selective enrichment and depletion of exosomes originating from
variousgsit@ss ding placenta, adipocytes, macrophages and preadipocytes. It is important
to note thatd study we have isolated and characterised the total population of exosomes
present in maternal circulation, and specific isolation of origin-specific exosomes (e.g. from
placenta) Wll be required for further studies. The specific isolation of placental exosomes

from mat ulation is challenging due to the levels of placental exosomes present in

maternal circulation (around 15% ''*! and highly dependent on the specificity of the PLAP

n

antibo in this study we report changes in the proteomic profile in the exosomes

{

present al circulation at the moment of the GDM diagnosis compared to women

with NGT. Furth@r studies are required to determine the function of circulating exosomes in

¢

GDM pre

A
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Figure legends

Figuremterisation of exosomes isolated from NGT and GDM plasma. Exosomes

were isol maternal plasma by differential and ultracentrifugation followed by size

exclusion chromatography. (A) Flow chart for the exosome isolation and enrichment
H

procedureMpresen‘tative size distribution of exosomes in NTA (C) Representative

Western ‘ot fo, exosome enriched marker CD63, TSG101, CD9 and negative marker,
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Figure 2: Comparison of protein enrichment in NGT and GDM plasma exosomes. (A)
Volcano plot showing differentially expressed protein in the GDM plasma exosomes
compared ! T plasma exosomes. The horizontal axis represents the log, of fold change
and the v isgrepresent p-value. The horizontal dotted line shows p= 0.05. Each black
 E— .. . . .
dot repre!nts a protein with black dots on the right above the dashed line are proteins

upregulatu on the left are downregulated in GDM exosomes. The gene ontology

classificati ) downregulated and (C) upregulated, on the basis of their involvement in

S

biological ccss using Panther and Gene Ontology algorithms. (D) Proteins that are

enriched and defleted in GDM exosomes compared to NGT exosomes are displayed based

U

on their s&pression using FunRich. The vertical axis represents the site of expression

and log, o ange.
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Figure 3: Top 4 networks identified by Ingenuity pathways analysis (IPA). Differently

expressed proteins in GDM exosomes were submitted to IPA network analysis. The network

represents nergy Production, Nucleic Acid Metabolism, Small Molecule Biochemistry

with a sc ) Developmental Disorder, Hematological Disease, Hereditary Disorder
.. W — . . , .

with a scsre of 30, (C) Cell-To-Cell Signalling and Interaction, Inflammatory Disease,

Inﬂamma‘mponse with a score of 30, and (D) Lipid Metabolism, Molecular Transport,

Small Mol iochemistry with a score of 10. Each network displays the genes as nodes

and the r

S

ps between the nodes as lines. The colour intensity of each node indicates

the degree of upfegulation (red) or downregulation (green) of the respective gene transcript.

U

Author Man

25
This article is protected by copyright. All rights reserved.



A Network 1 B

1GHV3:23

Higtihle

Figure 3

This article is protected by copyright. All rights reserved.

Network 2

Network 2

26



Figure 4. Quantification of PAPP-A and CAMK2p using an independent cohort of

patientHentration (presented as pg of protein per exosome) of PAPP-A and CAMK2p3

was quanti mes isolated from NGT and GDM by ELISA. (A) Concentration of PAPP-A.
I I .. .

(B) Concesration of CAMK2p. (C) Association between the concentration of PAPP-A and

maternal m) Association between the concentration of CAMK2 and maternal BMI.

6 and n=13 for NGT and GDM, respectively. Values are mean + SD as scatter dot

Data repres

plot.
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Table 1. Clinical characteristics of groups used for LC-MS/MS discovery and validation phases of

this study.“

Discovery cohort

Validation cohort

GDM NGT GDM
p-value p-value
(n=11) (n=26) (n=13)
31.27+
+ 3. 8+
g 230 3.07 30.81 + 3.08 318158
0.0682 : 0.0928
(27.23- (25-36)
38.12) (25-40)
+
161.42 + 1632762 | 1049
620 7.44
: 0.0799 0.5096
(146.7- (152.1
(148- 167) 176.4) 158.3)
+
90.21 + 83.49 + 8;‘5024
30.74 0.9544 17.59 0.9247
(62.0 -
(59- 158) (58.5 -126.1) 126.1)
34,02 + 31.19+
+
BMI at pig- 10.02 3140'2237 31.22+5.39 3.97
pregnan ) 0.9619 0.9856
(kg/ m* (25.71- 553 8. (25.9- 41.0) (25.8-
6.31) (253.8-58) 39.5)
91.86 +
101.5+ 92.36 +
. 94.01+21.2 15.24
d:l‘;j'egry o 32.24 0.546 17.36 0.9338
5-143) (71.0 -
- 161 3-129.1
(70 - 161) (69.3 -129.1) 116.7)
6.89 + 38.33 3345+
BMI at 10.65 9.53 34.08 +4.92 4.44 0.6978
delivery 0.7537
m (28.61- (29.1- (25.7- 36.7) (28.0-
61.51) 55.1) 43.5)
Fasting | 434+034 | 571+ 4584030 | 55y, | 0.0001%*
glucose 1.20 0.0015** O 63
(mmol/l) (3.82-4.92) (4.0-5.0) .
(4.33-
29
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8.71) (4.3- 6.6)
12.23 +
+
OGTT4 8+ 1.20 3.15 6.69 £ 1.49 1(1'5910
glucose <0.000] *** : 0.0001%***
(mmol/l 82-8.71) (8.32- (3.6-9.4) ]
19.11) (7.8- 14.5)
[ 11.07 £
587+1.13 4.57 583+1.17 | 8.8+2.09
0.0015%* 0.0001%***
1- 7.30) (6.61- (3.2-7.6) | (5.2-13.3)
21.12)
38.07 +
+ 1. . +
=164 0.90 39.37+0.97 3%3;;
35.03. 0.0565 : 0.06823
: (36.51- (37-41.2)
1.21) 39.30) (37-40.2)
2212+ 3357 + 3412 +
96.12 415.9 3300 + 488.2 647.2
0.8738 0.548
938.11- (2640- (1938- 4200) (2440-
80.13) 4070) 4660)
5/6 6/5 - 9/ 17 7/ 6 -

Data are ans mean = SD (range). All pregnancies were normotensive, non-smoking, non-

alcohol orgrug consuming, and without intrauterine infection or any other medical or obstetrical

complicati*s ex’pt GDM. NGT: women with normal glucose tolerance test; OGTT: glucose

measure w

group anal

Hxkp<()

ost-glucose challenge (75 g); M = male; F = female; GA = gestational age. For 2-

dent’s tests were used to assess statistical difference. *p<0.05, **p<0.005, and

GDM vs NGT.
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